Abstract: Calcium phosphate ceramics used in dentistry and orthopedics are some of the most valuable biomaterials, owing to their excellent osteoconduction, osteoinduction, and osseointegration. Osteoconduction and osteoinduction are critical targets for bone regeneration, and osseointegration is essential for any dental implantations. In this study, a hydroxyapatite (HAp) hybrid coating layer with the sequential release of bone morphogenetic protein 2 (BMP-2) was deposited onto an etched titanium substrate by electrochemical deposition. The resulting release of BMP-2 from Ti-HAp was assessed by immersing samples in a simulated buffer fluid solution. Through coculture, human osteosarcoma cell proliferation and alkaline phosphatase activity were assessed. The characteristics and effect on cell proliferation of the hybrid coatings were investigated for their functionality through X-ray diffraction (XRD) and cell proliferation assays. Findings revealed that −0.8 V vs. Ag/AgCl (3 M KCl) exhibited the optimal HAp properties and a successfully coated HAp layer. XRD confirmed the crystallinity of the deposited HAp on the titanium surface. Ti-0.8 V Ti-HAp co-coating BMP sample exhibited the highest cell proliferation efficiency and was more favorable for cell growth. A successful biocompatible hybrid coating with optimized redox voltage enhanced the osseointegration process. The findings suggest that this technique could have promising clinical applications to enhance the healing times and success rates of dental implantation.
Introduction
The use of biomaterials in dental implants has been prevalent for many years. Bone integration is a key factor determining a successful denture installation. If a denture is installed before bone regeneration (i.e., osseointegration), the tendency for dental failure is higher. Biomaterials bromide, C 18 H 17 N 5 S, 335.43 g/mol), and dimethyl sulfoxide (DMSO, (CH 3 ) 2 SO, 78.13 g/mol) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Analytical-grade sulfuric acid (H 2 SO 4 , 98%) was purchased from AENCORE (Victoria, Australia). Sodium chloride crystal (NaCl, 58.44 g/mol), calcium chloride pellets (CaCl 2 , 110.98 g/mol), and diammonium hydrogen phosphate ((NH 4 ) 2 HPO 4 , 132.06 g/mol) were purchased from J.T. Baker (Radnor, PA, USA). Alkaline phosphatase (ALP) colorimetric assay kit (GTX85593) was purchased from GeneTex (Hsinchu, Taiwan).
Samples Preparation
Prior to ECD, the Ti-6Al-4V substrate was etched in 6.2 M H 2 SO 4 and 4 M HCl at 60 • C for 1 h to remove any oxide and increase surface roughness. The etched samples were washed by immersing them in deionized water at room temperature in an ultrasonic cleaning system at 37 kHz for 30 min. Then, the samples were dried for 24 h to produce natural oxidation to obtain increased bioactivity compared with pure Ti.
Before electrolyte preparation, 0.042 M Ca(NO 3 ) 2 and 0.025 M (NH 4 ) 2 HPO 4 solutions were prepared in deionized water. The etched Ti-6Al-4V substrate was used as a working electrode, a platinum sheet was the counter electrode, Ag/AgCl was the reference electrode, and HAp precursor salts solution served as the electrolyte. The electrolyte was immersed in an oil bath heated at 65 • C. The hybrid coating was prepared at −0.4, −0.8, −1.2, and −1.6 V constant-voltage ECD for 1 h. After ECD, the coated sample was rinsed with deionized water, dried, and stored at ambient temperature.
For the sample of BMP-2 and HAp precursor salts coated by coprecipitation, a treated HAp solution was used as the electrolyte, in which 10 ng/mL BMP-2 was suspended. Untreated Ti-6Al-4V substrate was used as the working electrode attached to the electrochemical reaction vessel. HAp/BMP-2 was coated to the Ti-6Al-4V surface through multicurrent plating with currents and time durations of 0.09 mA and 50 min, 0.22 mA and 50 min, or 0.47 mA and 30 min, respectively [23] . After HAp/BMP-2 coating, the samples were washed with deionized water and lyophilized. To compare the effect of HAp/BMP-2 coprecipitation by ECD, a control sample using the conventional immersion method was also fabricated. The control sample was firstly coated HAp by ECD, and then immersed in a BMP-2 solution of 10 ng/mL for 24 h.
Cyclic voltammetry (CV) and differential pulse voltammetry were performed on an electrochemical workstation CHI-760D potentiostat (CH Instruments Inc., Austin, TX, USA). For X-ray diffraction (XRD) analysis, the HAp powder was scratched from the Ti-6Al-4V substrate and packed to a flat surface on a sample holder. The XRD analysis of the crystallinity and chemical composition structure of the coatings was carried out using a D2 PHASER X-ray diffractometer (Bruker AXS Inc., Madison, WI, USA; X-ray wavelengths: Cu standard ceramic sealed tube, scan mode: 2 theta scan). XRD data were analyzed using X'Pert High Score (Malvern Panalytical Ltd., Malvern, UK). Scanning electron microscopy (SEM; TM-3030, source type: cartridge filament, accelerating voltage 5 kV, Hitachi, Japan) was used to analyze the surface morphology. Surface energy evaluation was assessed by the sessile drop technique to determine the relationship between porosity and the surface tension of the untreated and treated samples by using a contact angle goniometer (GBX, Digidrop, Dublin, Ireland) to determine the surface hydrophilicity. Thicknesses of the HAp films were measured using P10 Profilometer (KLA-Tencor, Milpitas, CA, USA).
BMP-2 Release
The samples were immersed in 20 mL of simulated body fluid (SBF) solution (pH 7.4) for 7 days to evaluate the release rate of BMP-2. The SBF solution's ion concentration was approximately equal or identical to that of human blood plasma at 36.5 • C. The SBF containing BMP-2 was extracted at each time point and replaced every day. The amount of released BMP-2 was assessed using a Quantikine enzyme-linked immunosorbent assay (ELISA) immunoassay. The BMP-2 concentration was determined using the standard curve created by following the precision on its corresponding ELISA kit. Accumulative release (%) was equal to the release amount at each juncture over the total amount encapsulated multiplied by 100.
Cell Test
A commercialized cell, human osteosarcoma (MG-63, ATCC CRL-1427) osteoblast-like cell, was used for the cell test in this study. The cell has been used for testing the bioactivity and biocompatibility of various biomaterials [24] [25] [26] . MG-63 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) medium containing 10% heat-inactivated Fetal bovine serum (FBS), 50 U/mL penicillin, and 50 mg/mL streptomycin on a culture dish in a humidified atmosphere of 5% CO 2 and 95% air at 37 • C. The culture media were replaced every 3 days. The HAp/BMP-2 coprecipitation samples were firstly placed on a 24-well plate, and the cells were seeded on the samples at 1 × 10 4 cells/well in DMEM medium. Then, 1 mL of the culture medium was added after 6 h of incubation and replaced every 2 days.
After coculture of DMEM with the MG-63 cells, cell viability was determined through the MTT assay. After 1, 4, and 7 days of coculture, 50 µL of MTT reagent was added to the cells, followed by incubation for 4 h, and finally, the medium was removed. After removal, 500 µL of DMSO was added to dissolve the formazan crystals. Then, 100 µL of the formazan crystals was added into individual wells of a 96-well plate, and its absorbance was read on an ELISA reader at a wavelength of 570 nm. The values were calculated as percentages of the control groups (cells not cocultured with the etched Ti-6Al-4V specimen).
To test cell proliferation, MG-63 cells were cultured in 24-well plates with 10 ng/mL of BMP-2. The culture medium was changed every 2 days. After 4 and 7 days, 50 µL of MTT reagent was added to the cells, followed by incubation for 4 h. The medium was removed, and 500 µL of DMSO was added to colorize the solution. Next, 100 µL of the formazan crystals was added into individual wells of a 96-well plate, and absorbance was read on an ELISA reader at a wavelength of 570 nm.
ALP activity was used to determine the cell differentiation and the ability to convert p-nitrophenyl phosphate (pNPP) to p-nitrophenyl, and high ALP activity produces a mineralized bone matrix. MG-63 cells were cultured on the HAp/BMP-2 coprecipitation samples with DMEM in 24-well plates, washed with PBS, and lysed with 3 mL of 0.1% Triton X-100. After 4 days, the seeded cells were collected and a 2-3 times of 30 g/cc of the assay buffer was added to the collected cells. Then, cell lysates were collected after being centrifuged at 13,000 rpm for 5 min at 4 • C. A total of 80 µL of cell lysate was transferred to a 96-well plate, and 50 µL of pNPP was added to each well. After 1 h incubation at room temperature, 20 µL was taken from the stock solution and read at 405 nm. The ALP activity was determined as the amount of nitrophenol produced normalized to the total cell DNA content. Figure 1 shows the CV data of the etched Ti-6Al-4V substrate obtained in a typical three-electrode electrochemical cell over a range of 1 to −1.0 V, and the inset of Figure 1 The current density tended to increase slowly between −0.4 and −0.8 V, representing the nucleation activity of the HAp on the Ti-6Al-4V surface as well as electron transfer. Electron transfer determined the electrochemical process. The mechanism of HAp during ECD is very complex. The redox reaction can be summarized as calcium ions combining with an acid phosphate group to produce CaHPO 4 ·2H 2 O precipitation [27] :
Results and Discussion
Then, CaHPO 4 ·2H 2 O is converted from the precursor phase into hydroxyapatite in alkaline solution [28] :
At voltage from −0.8 to −1.0 V, the current density increased rapidly, corresponding to the deposition of phosphoric acid, which was formed through electron transfer and mass transfer. The hydrogen reaction voltage was higher than −2.2 V, as reported by other studies, indicating that it was the dominant reaction [29] . Scans revealed the deposition of HAp on Ti-6Al-4V surface from numerous bubbles at the surface, which can occur during HAp deposition on the etched Ti-6Al-4V samples not subjected to hydrogen precipitation interference. In this study, four voltages (−0.4, −0.8, −1.2, and −1.6 V) were selected from a standard desirable potential range for favorable HAp coating (−0.7 to −2.2 V) [29] . Findings confirmed that a voltage of −0.8 V is preferable for the ECD of HAp on Ti-6Al-4V substrate. At voltage from −0.8 to −1.0 V, the current density increased rapidly, corresponding to the deposition of phosphoric acid, which was formed through electron transfer and mass transfer. The hydrogen reaction voltage was higher than −2.2 V, as reported by other studies, indicating that it was the dominant reaction [29] . Scans revealed the deposition of HAp on Ti-6Al-4V surface from numerous bubbles at the surface, which can occur during HAp deposition on the etched Ti-6Al-4V samples not subjected to hydrogen precipitation interference. In this study, four voltages (−0.4, −0.8, −1.2, and −1.6 V) were selected from a standard desirable potential range for favorable HAp coating (−0.7 to −2.2 V) [29] . Findings confirmed that a voltage of −0.8 V is preferable for the ECD of HAp on Ti-6Al-4V substrate. At voltage from −0.8 to −1.0 V, the current density increased rapidly, corresponding to the deposition of phosphoric acid, which was formed through electron transfer and mass transfer. The hydrogen reaction voltage was higher than −2.2 V, as reported by other studies, indicating that it was the dominant reaction [29] . Scans revealed the deposition of HAp on Ti-6Al-4V surface from numerous bubbles at the surface, which can occur during HAp deposition on the etched Ti-6Al-4V samples not subjected to hydrogen precipitation interference. In this study, four voltages (−0.4, −0.8, −1.2, and −1.6 V) were selected from a standard desirable potential range for favorable HAp coating (−0.7 to −2.2 V) [29] . Findings confirmed that a voltage of −0.8 V is preferable for the ECD of HAp on Ti-6Al-4V substrate. The surface morphologies of the HAp coatings on the Ti-6Al-4V substrate were assessed by SEM and are shown in Figure 3 for pure Ti (Figure 3a) , etched Ti (Figure 3b ), Ti-0.4 V (Figure 3c ), Ti-0.8 V (Figure 3d ), Ti-1.2 V (Figure 3e ), and Ti-1.6 V (Figure 3f ). In Figure 3a , the pure Ti substrate exhibits a fairly smooth surface, whereas the etched Ti and Ti-0.4 V have coarse and tiny pores because of uneven coatings of HAp. Figure 3d -f show significant changes to the coating surface on the Ti-6Al-4V substrate, demonstrating obvious crystallinity. The coatings in Figure 3d show needlelike crystals, those in Figure 3e ,f were more compact and uniformly distributed over the coating area, flaky, and covering the entire coating surface. The observed morphology of samples Ti-0.8 V, Ti-1.2 V, and Ti-1.6 V was very similar to the previous report [23] , indicating the successful deposition of HAp on the Ti-6Al-4V substrate after applying electrode potentials of −0.8 V
The surface morphologies of the HAp coatings on the Ti-6Al-4V substrate were assessed by SEM and are shown in Figure 3 for pure Ti (Figure 3a) , etched Ti (Figure 3b ), Ti-0.4 V (Figure 3c ), Ti-0.8 V (Figure 3d ), Ti-1.2 V (Figure 3e ), and Ti-1.6 V (Figure 3f ). In Figure 3a , the pure Ti substrate exhibits a fairly smooth surface, whereas the etched Ti and Ti-0.4 V have coarse and tiny pores because of uneven coatings of HAp. Figures 3d-f show significant changes to the coating surface on the Ti-6Al-4V substrate, demonstrating obvious crystallinity. The coatings in Figure 3d show needlelike crystals, those in Figures 3e,f were more compact and uniformly distributed over the coating area, flaky, and covering the entire coating surface. The observed morphology of samples Ti-0.8 V, Ti-1.2 V, and Ti-1.6 V was very similar to the previous report [23] , indicating the successful deposition of HAp on the Ti-6Al-4V substrate after applying electrode potentials of −0. Surface hydrophilicity is illustrated in Figure 4 for the untreated (pure Ti), etched, and HApdeposited on Ti-6Al-4V surface under different ECD potential conditions. The hydrophilicities or water contact angles for each of the samples are given, with the pure Ti (Figure 4a ) exhibiting a water contact angle of 80°, and the etched Ti (Figure 4b ) exhibiting an angle of 76°, similar to the pure Ti. However, all treated and HAp-deposited on Ti-6Al-4V surface had lower or decreasing contact angles: 70°, 50°, 34°, and 23°. The higher hydrophilicity of the treated Ti-6Al-4V surface could be attributed to the positive and negative charges of the calcium and phosphate ions [30] . The contact angle decreased significantly, demonstrating that a higher surface roughness leads to a lower contact angle, which indicates that osseointegration was more likely to occur. Therefore, Ti-6Al-4V surface with higher hydrophilicities showed a significant enhancement of cell attachment and proliferation, which is attributed to the surface charges obtained from the ion immobilization [31, 32] . Surface hydrophilicity is illustrated in Figure 4 for the untreated (pure Ti), etched, and HAp-deposited on Ti-6Al-4V surface under different ECD potential conditions. The hydrophilicities or water contact angles for each of the samples are given, with the pure Ti (Figure 4a ) exhibiting a water contact angle of 80 • , and the etched Ti (Figure 4b ) exhibiting an angle of 76 • , similar to the pure Ti. However, all treated and HAp-deposited on Ti-6Al-4V surface had lower or decreasing contact angles: 70 • , 50 • , 34 • , and 23 • . The higher hydrophilicity of the treated Ti-6Al-4V surface could be attributed to the positive and negative charges of the calcium and phosphate ions [30] . The contact angle decreased significantly, demonstrating that a higher surface roughness leads to a lower contact angle, which indicates that osseointegration was more likely to occur. Therefore, Ti-6Al-4V surface with higher hydrophilicities showed a significant enhancement of cell attachment and proliferation, which is attributed to the surface charges obtained from the ion immobilization [31, 32] . Figure 5 shows the viability of MG-63 cells cocultured with HAp and DMEM for 1, 4, and 7 days. Pure-Ti and etched-Ti were used as the control groups. The etched-Ti sample was confirmed to have increased cell activity compared with the pure-Ti sample, indicating the enhancement of MG-63 cell proliferation. The cell viabilities obtained from the etched-Ti sample after 1, 4, and 7 days revealed decreased cell activity. Moreover, the cell proliferation rate increased significantly with Ti-0.8 V, Ti-1.2 V, and Ti-1.6 V, all being higher than the other three groups. This result indicates that HAp application increased cell viability. The cell viability of the Ti-0.4 V sample is much lower than that of other ECD samples, which is due to insufficient coating shown in Figure 3 . The BMP-2 release rates of the samples using ECD hybrid coating and immersion methods are shown in Figure 6 . The BMP-2 release of the ECD sample was slowly released through soaking, and it continued to be released slowly for over 48 h, whereas the sample using immersion method could sustain within 24 h. Table 1 lists the drug loading and release rate of BMP-2 from ECD and immersion samples. The drug-loading rate of the ECD sample was 41.6%-1.5 times higher than immersion method. The release rate was 72.9%, which was lower than that of the sample produced via the immersion method (80.4%). Thus, the control dose can be lowered to improve the release effect, thus providing a safer technique. The BMP-2 release rates of the samples using ECD hybrid coating and immersion methods are shown in Figure 6 . The BMP-2 release of the ECD sample was slowly released through soaking, and it continued to be released slowly for over 48 h, whereas the sample using immersion method could sustain within 24 h. Table 1 lists the drug loading and release rate of BMP-2 from ECD and immersion samples. The drug-loading rate of the ECD sample was 41.6%-1.5 times higher than immersion method. The release rate was 72.9%, which was lower than that of the sample produced via the immersion method (80.4%). Thus, the control dose can be lowered to improve the release effect, thus providing a safer technique. The BMP-2 release rates of the samples using ECD hybrid coating and immersion methods are shown in Figure 6 . The BMP-2 release of the ECD sample was slowly released through soaking, and it continued to be released slowly for over 48 h, whereas the sample using immersion method could sustain within 24 h. Table 1 lists the drug loading and release rate of BMP-2 from ECD and immersion samples. The drug-loading rate of the ECD sample was 41.6%-1.5 times higher than immersion method. The release rate was 72.9%, which was lower than that of the sample produced via the immersion method (80.4%). Thus, the control dose can be lowered to improve the release effect, thus providing a safer technique. Figure 7a shows the cell proliferation sequential release of Ti-HAp and loaded Ti-HAp-BMP after coculture with cells for 4 days. It is obvious that BMP-2 promoted cell proliferation and was successfully loaded onto the Ti-6Al-4V substrate, and the MG-63 cells were cocultured with the etched samples with different potential settings. The cell proliferation led to the BMP-2 activity being maintained in the process of drug loading, which effectively achieved cell growth. The Ti-0.8 V TiHAp-BMP possessed the highest cell proliferation efficiency, which means the Ti-0.8 V Ti-HAp-BMP sample is more favorable for cell growth. Figure 7b shows the cell proliferation of MG-63 cells cocultured with Ti-HAp-BMP for 4 and 7 days, and samples with BMP-2 only are also shown as the control. The BMP (control) sample demonstrated a good cell proliferation effect after 4 days, but the cell proliferation decreased after 7 days. On the other hand, the cell proliferation rate of the Ti-0.8 V BMP sample was continuously increasing after 7 days, demonstrating that drug loading could be sustained and affect cell proliferation. As mentioned, cell proliferation can occur as a result of a high concentration of calcium ions, but the underlying mechanism remains unknown [33] . Nonetheless, the cell proliferation occurring on Ti-HAp-BMP could be a result of the increased amount of Ca on the Ti surface boosting the local calcium ion concentration. Figure 7b shows the cell proliferation of MG-63 cells cocultured with Ti-HAp-BMP for 4 and 7 days, and samples with BMP-2 only are also shown as the control. The BMP (control) sample demonstrated a good cell proliferation effect after 4 days, but the cell proliferation decreased after 7 days. On the other hand, the cell proliferation rate of the Ti-0.8 V BMP sample was continuously increasing after 7 days, demonstrating that drug loading could be sustained and affect cell proliferation. As mentioned, cell proliferation can occur as a result of a high concentration of calcium ions, but the underlying mechanism remains unknown [33] . Nonetheless, the cell proliferation occurring on Ti-HAp-BMP could be a result of the increased amount of Ca on the Ti surface boosting the local calcium ion concentration. Figure 7a shows the cell proliferation sequential release of Ti-HAp and loaded Ti-HAp-BMP after coculture with cells for 4 days. It is obvious that BMP-2 promoted cell proliferation and was successfully loaded onto the Ti-6Al-4V substrate, and the MG-63 cells were cocultured with the etched samples with different potential settings. The cell proliferation led to the BMP-2 activity being maintained in the process of drug loading, which effectively achieved cell growth. The Ti-0.8 V TiHAp-BMP possessed the highest cell proliferation efficiency, which means the Ti-0.8 V Ti-HAp-BMP sample is more favorable for cell growth. Figure 7b shows the cell proliferation of MG-63 cells cocultured with Ti-HAp-BMP for 4 and 7 days, and samples with BMP-2 only are also shown as the control. The BMP (control) sample demonstrated a good cell proliferation effect after 4 days, but the cell proliferation decreased after 7 days. On the other hand, the cell proliferation rate of the Ti-0.8 V BMP sample was continuously increasing after 7 days, demonstrating that drug loading could be sustained and affect cell proliferation. As mentioned, cell proliferation can occur as a result of a high concentration of calcium ions, but the underlying mechanism remains unknown [33] . Nonetheless, the cell proliferation occurring on Ti-HAp-BMP could be a result of the increased amount of Ca on the Ti surface boosting the local calcium ion concentration. Figure 8 shows the ALP activities of MG-63 cells cultured on Ti-6Al-4V substrate from the incorporated ECD hybrid coating. The Ti-0.8 V BMP sample exhibited the highest cell differentiation (ALP activity). Ti-1.2 V BMP and Ti-1.6 V BMP were insignificantly different from pure-Ti BMP, etched Ti BMP, and Ti-0.4 V BMP. Thus, the higher the ALP activity, the higher the cell differentiation ability, confirming that Ti-0.8 V BMP, Ti-1.2 V BMP, and Ti-1.6 V BMP have more favorable effects on cell differentiation. The interactions between cells are crucial to achieving efficient differentiation between pure Ti and BMP-2. When BMP-2 is cultured on microdomains at various cell densities, the ALP activity increases with increased cell numbers [32] . Figure 8 shows the ALP activities of MG-63 cells cultured on Ti-6Al-4V substrate from the incorporated ECD hybrid coating. The Ti-0.8 V BMP sample exhibited the highest cell differentiation (ALP activity). Ti-1.2 V BMP and Ti-1.6 V BMP were insignificantly different from pure-Ti BMP, etched Ti BMP, and Ti-0.4 V BMP. Thus, the higher the ALP activity, the higher the cell differentiation ability, confirming that Ti-0.8 V BMP, Ti-1.2 V BMP, and Ti-1.6 V BMP have more favorable effects on cell differentiation. The interactions between cells are crucial to achieving efficient differentiation between pure Ti and BMP-2. When BMP-2 is cultured on microdomains at various cell densities, the ALP activity increases with increased cell numbers [32] . 
Conclusions
BMP-2 and HAp hybrid coatings were successfully deposited on Ti-6Al-4V (Ti-HAp) by ECD. XRD patterns confirmed the coatings of HAp crystals. The surface morphology of the HAp coatings exhibited notable changes following immersion for several days in SBF solution. The Ti-6Al-4V incorporated HAp by ECD hybrid coating at 0.8 V exhibited an increase of the BMP-2 bioactivity, including their contact angle, cell differentiation and proliferation, and ALP activity, which was confirmed through coculture. The results indicated that co-immobilized HAp ions synergistically activated the responses of etched Ti. This simple and cost-effective technique could be a useful and efficient approach using ECD to achieve excellent osteoconductivity and osteoinduction, which could improve osseointegration in biomedical applications. 
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